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Independent Outgrowth and Polarizing Activity
Nicholas C. Caruccio,*,1 Alric Martinez-Lopez,*,1 Matthew Harris,†
eah Dvorak,*,2 James Bitgood,‡ B. Kay Simandl,* and John F. Fallon*,3
*Department of Anatomy, †Program in Cellular and Molecular Biology, and ‡Animal Sciences,
niversity of Wisconsin at Madison, Madison, Wisconsin 53706
e have examined the developmental properties of the polydactylous chicken mutant, talpid2. Ptc, Gli1, Bmp2, Hoxd13,
and Fgf4 are expressed throughout the anteroposterior axis of the mutant limb bud, despite normal Shh expression. The
expression of Gli3, Ihh, and Dhh appears to be normal, suggesting that the Shh signaling pathway is constitutively active
in talpid2 mutants. We show that preaxial talpid2 limb bud mesoderm has polarizing activity in the absence of detectable
Shh mRNA. When the postaxial talpid2 limb bud (including all Shh-expressing cells) is removed, the preaxial cells reform
normal-shaped talpid2 limb bud (regulate). However, a Shh-expressing region (zone of polarizing activity) does not reform;
nevertheless Fgf4 expression in the apical ectodermal ridge is maintained. Such reformed talpid2 limb buds develop
omplete talpid2 limbs. After similar treatment, normal limb buds downregulate Fgf4, the preaxial cells do not regulate, and
a truncated anteroposterior deficient limb forms. In talpid2 limbs, distal outgrowth is independent of Shh and correlates
ith Fgf4, but not Fgf8, expression by the apical ectodermal ridge. We propose a model for talpid2 in which leaky activation
f the Shh signaling pathway occurs in the absence of Shh ligand. © 1999 Academic Press
Key Words: limb development; talpid2; signaling; Hedgehog; fibroblast growth factors; Gli1; Gli3; patched; Hoxd13; bone
orphogenetic proteins; zone of polarizing activity; apical ectodermal ridge.
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iINTRODUCTION
The study of limb development has proven to be useful in
characterizing the mechanisms of pattern formation. Each
of the three limb axes is controlled by a discrete signaling
center (reviewed in Johnson and Tabin, 1997; Martin, 1998;
Pearse and Tabin, 1998; Tickle, 1994): (i) The proximodistal
(PD) axis is dependent on the apical ectodermal ridge (AER)
through the action of fibroblast growth factor (FGF) family
members on underlying progress zone cells (reviewed in
Martin, 1998). (ii) The anteroposterior (AP) axis is con-
trolled by the zone of polarizing activity (ZPA) through the
activity of sonic hedgehog (Shh) (reviewed in Johnson and
Tabin, 1997). (iii) The dorsoventral (DV) axis is controlled
1 Authors contributed equally to this work.
2 Present address: Department of Physical Therapy, Concordia
niversity–Wisconsin, 12800 N. Lake Shore Drive, Mequon, WI
3097.3 To whom correspondence should be addressed. E-mail: jffallon@
acstaff.wisc.edu.
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All rights of reproduction in any form reserved.y limb bud ectoderm after stage 15 through the activities
f wnt7a and en-1 (reviewed in Zeller and Duboule, 1997). A
ore recent finding is that the signaling centers are depen-
ent on each other for their function and proper limb
evelopment. Under normal circumstances, the formation
f the AER is dependent upon a DV interface and the
uxtaposition of R-Fng-expressing and non-R-Fng-express-
ng cells (Grieshammer et al., 1996; Laufer et al., 1997;
Noramly et al., 1996; Rodriguez-Estaban et al., 1997; Ros et
al., 1996). In turn, the ZPA is dependent upon the AER and
wnt7a from the dorsal ectoderm (reviewed in Pearse and
Tabin, 1998). It is important to note that while these signals
maintain ZPA function they do not induce the ZPA; the
ability of postaxial mesoderm to express Shh is controlled
by the AER (Niswander et al., 1994b; Ros et al., 1996).
The normal function of the AER and distal limb bud
elongation are dependent upon the ZPA and Shh signaling,
suggesting a positive feedback loop between the AER
(through FGF4) and the ZPA (through Shh). This is sup-
ported by the following observations: (i) Shh expression and
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138 Caruccio et al.polarizing activity are rapidly downregulated after AER
removal (Vogel and Tickle, 1993); (ii) ectopic FGFs can
rescue Shh expression and polarizing activity after removal
of the AER (Laufer et al., 1994; Niswander et al., 1994a;
Vogel and Tickle, 1993); (iii) in ld mutant mice, the down-
regulation of Shh expression corresponds temporally to the
loss of Fgf4 mRNA but not Fgf8 mRNA, suggesting that
FGF4 is the Shh maintenance factor from the AER (Chan et
al., 1995; Haramis et al., 1995; Kuhlman and Niswander,
1997); (iv) in Shh-deficient mice, Fgf8 but not Fgf4 expres-
sion is observed in the apical ectoderm (manuscript in
preparation); (v) Fgf4 is normally restricted to the postaxial
AER and can be activated in the preaxial AER in response to
ectopic Shh (Laufer et al., 1994; Niswander et al., 1994a;
Niswander and Martin, 1992).
There is evidence that the transmembrane protein
patched (PTC) is the SHH receptor and in the absence of
ligand, PTC represses Smoothened (SMO) activity (re-
viewed in Hammerschmidt, 1997; Pearse and Tabin, 1998).
When SHH ligand binds the PTC receptor, the inhibition of
SMO is abrogated and SMO initiates a signaling cascade
upregulating Ptc, Gli1, 59 HoxD gene, and Bmp2 transcrip-
tion in the postaxial limb bud mesoderm. Transcription of
Fgf4 is upregulated in the postaxial AER, although this
effect probably is indirect (Laufer et al., 1994). Finally, Gli3
is thought to represses Shh transcription and is normally
expressed in a domain complementary to Shh (Marigo et al.,
1996a).
The role of Bmp2 in limb patterning is not understood.
Bmp2 partially mimics some of the activities of Shh when
ectopically expressed (Duprez et al., 1996). For example,
Bmp2 can upregulate 59 HoxD gene expression and activate
Fgf4 in the overlying AER. Furthermore, ectopic Bmp2 can
alter limb patterning and produce ectopic cartilage ele-
ments that resemble digits (Duprez et al., 1996). The Bmp
signaling pathway is apparently distinct from the Shh
signaling pathway, transduced through heterodimers of
type I and type II Bmp receptors and mediated by posttrans-
lational modification of Smad proteins (reviewed in Baker
and Harland, 1997).
talpid2 and talpid3 are autosomal recessive mutations
esulting in variable polydactyly of the fore- and hindlimbs,
ypically with 7 to 10 digits per limb (Abbott et al., 1959;
rancis-West et al., 1995; Rodriguez et al., 1996). Activation
of the Shh pathway has not been analyzed in either talpid2
and talpid3. Further, it is not known if talpid2 and talpid3
are allelic or if they represent distinct mutations; however,
tissue recombinations have shown that the mutant meso-
derm is responsible for the talpid2 phenotype (Goetinck and
bbott, 1964). An interesting feature of talpid2 polydactyly
s that the digits do not have anteroposterior identity and,
ith the exception of the most postaxial digit, appear to be
dentical (Dvorak and Fallon, 1991). We chose to study the
alpid2 mutation as a condition in which distal elongation
is apparently normal and anteroposterior patterning is defi-
cient in the autopod. talpid2 and talpid3 mutants maintain
normal expression of Shh, but are reported to ectopically
t
b
Copyright © 1999 by Academic Press. All rightupregulate some of the Shh-responsive genes in the preaxial
limb tissue. In both talpid mutants Fgf4, Hoxd13, and Bmp2
are more uniformly expressed along the entire AP axis of
the distal limb bud despite the postaxially restricted expres-
sion of Shh (Francis-West et al., 1995; Robson, 1993).
In this study we provide evidence for the constitutive
activation of Shh signaling in talpid2 mutant limb bud
esoderm resulting in the uncoupling of the AER from
PA function. Further, preaxial talpid2 limb bud mesoderm
exhibits polarizing activity in the absence of detectable Shh
mRNA. Finally, we report the intriguing observation that
one biological effect of constitutive Shh signaling is that
preaxial mutant limb bud can reconstitute (regulate) the
postaxial limb bud after surgical removal, maintain Fgf4
expression in the AER, and develop a virtually normal
talpid2 limb in the absence of Shh-expressing cells.
MATERIALS AND METHODS
Chick embryos. Fertilized eggs were obtained from flocks
maintained at The University of Wisconsin at Madison. talpid2
mutants were produced by crossing known heterozygote Single-
Comb White Leghorn carriers. Mutant embryos were identified by
the shape of the limb buds at stage 19–20 and were seen with a
frequency of approximately 25%. All eggs were incubated at 38°C
in a humidified environment and were staged according to Ham-
burger and Hamilton (1951).
Whole-mount in situ hybridization. Nonradioactive whole-
mount in situ hybridization was performed as described (Nieto et
l., 1996). Digoxygenin-labeled riboprobes were transcribed in vitro
ccording to the manufacturer’s protocol (Boehringer Mannheim).
robes to detect Shh (Riddle et al., 1993), Ptc (Marigo et al., 1996b),
Gli1 (Marigo et al., 1996a), Hoxd13 (Nelson et al., 1996), Bmp2
(Francis et al., 1994), Gli3 (Marigo et al., 1996a), Fgf8 (Ros et al.,
1996), Ihh (Vortkamp et al., 1996), and Fgf4 (Niswander and Martin,
1992) expression have been described. The probe for chicken Dhh
was kindly provided by Dr. Cliff Tabin. No signals above back-
ground were detected using control sense probes.
Tissue grafts. Stage 19–20 donor limb bud mesoderm was
grafted subjacent to the anterior AER of stage 19–20 host embryos
as described by Tickle (1981).
Cartilage staining. To visualize skeletal cartilage, samples
were fixed overnight in 10% formalin, equilibrated in 1% HCl/70%
EtOH, and stained overnight in 1% Victoria blue B in 1% HCl/70%
EtOH. Samples were destained in 3% HCl/70% EtOH, dehydrated
to 95% EtOH, and cleared in methyl salicylate.
RESULTS
The Shh Signaling Pathway Is Activated
in the Absence of Detectable Shh mRNA
talpid2 is an autosomal recessive lethal mutation. The
major patterning defect in the talpid2 limb is in the auto-
od, which has variable polydactyly on both fore- and
indlimbs (typically 7 to 10 digits) and a loss of anteropos-
erior digit identity. The stylopod is composed of a single
one that is short and squat without the characteristics of a
s of reproduction in any form reserved.
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139Constitutive Shh Signaling in talpid2humerus or femur. Similarly the zeugopod is composed of
two short squat bones that are sometimes fused. The
preaxial element of the zeugopod is distinguishable from
the postaxial element (i.e., as radius versus ulna or tibia
versus fibula). For example see Fig. 6 and Dvorak and Fallon
(1991).
It has been reported that while the expression of Shh is
postaxially restricted in the talpid2 mutant limb buds, the
expression of Bmp2, Fgf4, and Hoxd13 is expanded through-
out the AP axis of distal talpid2 limb buds after stage 22 (see
ig. 1 and Rodriguez et al., 1996). Due to the abnormal
hape of the talpid2 limb bud at stage 22, Shh-expressing
cells are adjacent to the flank of the mutant embryo (see
arrow in Fig. 1D). We extend these observations by report-
ing that talpid2 mutant limb buds uniformly express
Hoxd13, Ptc, and Bmp2 across the AP axis of the mutant
limb bud as early as stage 17, while these genes are
normally restricted to the postaxial mesoderm (compare
Figs. 1G and 1I and data not shown). At stage 25, Hoxd13
expression is postaxially restricted in wild-type limb bud
mesoderm (Fig. 1H). While talpid2 mutants express Hoxd13
n the postaxial proximal limb bud, the expression is
xpanded across the AP axis of the autopod at stage 24 (Fig.
J). The ectopic expression of Hoxd13 and Ptc during the
arliest stages of limb development correlate with the
hortened stylo- and zeugopod bones (Goff and Tabin, 1997;
ortkamp et al., 1996). The uniform expression of Hoxd13
cross the distal limb bud during stage 25 is consistent with
he uniform talpid2 digit morphology (Johnson and Tabin,
1997; Rijli and Chambon, 1997; Ros et al., 1994).
The fact that the expression of Shh is postaxially re-
stricted in mutant and wild-type embryos suggests that the
talpid2 gene is either independent of Shh or is downstream
f Shh induction. Bmp2, Fgf4, and Hoxd13 all are upregu-
ated by Shh (Laufer et al., 1994; Marigo et al., 1996b; Riddle
t al., 1993). The epistatic relationship in talpid2 is not
straightforward because Fgf4 and Hoxd13 are also upregu-
lated by Bmp2 (Duprez et al., 1996). Therefore, both ex-
panded activation of the Shh signaling pathway and ex-
panded Bmp2 expression across the AP axis of the limb bud
could contribute to the talpid2 phenotype. To gain insight
nto the molecular mechanism resulting in this patterning
efect, the expression pattern of several genes involved in
P patterning was analyzed by whole-mount in situ hybrid-
zation (WMISH).
Shh signaling through Smo upregulates Ptc and Gli1
ranscription (reviewed in Pearse and Tabin, 1998). Ptc and
li1 transcription may represent the “range of Shh activ-
ty” and spatial extent of the direct Shh signal; this is
ormally restricted to postaxial limb bud mesoderm (Figs.
A and 2B). In this study we find that Ptc and Gli1
xpression is upregulated across the entire AP axis of
alpid2 distal limb buds despite the relatively normal ex-
pression of Shh mRNA (Figs. 2D and 2E). While Ptc tran-
scription in the preaxial limb bud is not upregulated to the
same extent seen in the postaxial talpid2 limb bud, a band
of ectopic Ptc expression can be clearly seen extending to
Copyright © 1999 by Academic Press. All righthe anterior border of the limb bud. This is obviously
ifferent from the expression pattern observed in wild-type
mbryos (Fig. 2). It is also important to note that Shh
RNA is not detectable in preaxial limb tissue of talpid2
mutants by WMISH (Fig. 1D and Rodriguez et al., 1996) or
by RT-PCR (data not shown). While ectopic Bmp2 expres-
sion (Fig. 1E) can induce preaxial expression of Hoxd13 and
Fgf4 (Duprez et al., 1996), there is no evidence that Bmp2
induces Ptc and Gli1 transcription. These observations
suggest that activation of the Shh signaling pathway is the
primary defect in talpid2 mutants and ectopic Bmp2 expres-
sion is a secondary effect of ectopic Shh signaling.
Other members of the hedgehog family (e.g., Indian
Hedgehog (Ihh) and Desert Hedgehog (Dhh)) also upregulate
Ptc and Gli1 transcription (Bitgood and McMahon, 1995;
Vortkamp et al., 1996). The semidominant doublefoot
mouse mutant is a gain-of-function mutation resulting in
the aberrant expression of Ihh in preaxial limb bud meso-
derm: interestingly the anatomical and molecular pheno-
type of doublefoot is very similar to that of talpid2 mutants
in that Ptc, Gli1, 59 HoxD genes, and Bmp2 are upregulated
across the AP axis of the mutant limb buds (Yang et al.,
1998). Ihh and Dhh are not ectopically expressed in the limb
buds of talpid2 mutants (data not shown). These observa-
ions suggest that the talpid2 mutation affects Shh signaling
ownstream of the ligand and does not result from aberrant
hh, Ihh, or Dhh expression.
Gli3 is thought to repress Shh expression (Marigo et al.,
996a). A loss of Gli3 function in the Xt mouse mutant
esults in expanded Shh expression and a polydactylous
henotype (Buscher and Ruther, 1998). Gli3 is normally
xpressed in a pattern complementary to that of Shh and is
xcluded from the Shh-expressing region (Fig. 2C). In tal-
id2 mutants, Gli3 is expressed in a similar pattern and is
xcluded from the Shh-expressing region (Fig. 2F). We note
hat Gli3 is not repressed in talpid2 preaxial limb bud
esoderm and that Gli1 and Gli3 are coexpressed in that
egion. Combined with the postaxial expression of Shh
RNA in talpid2 mutants, we conclude that the talpid2
phenotype does not result from a loss of Gli3-dependent
Shh repression.
From the analysis of these gene expression patterns, we
conclude that the Shh signaling pathway is constitutively
activated across the AP axis of the distal talpid2 limb bud.
n addition, the distally restricted domains of ectopic Ptc,
li1, Bmp2, and Hoxd13 expression are consistent with
ER influence (possibly Fgf4) being required for the upregu-
ation of these downstream genes.
Anterior talpid2 Limb Mesoderm Has Polarizing
Activity in the Absence of Shh
If Shh signaling is constitutively active across the AP axis
of talpid2 limb bud mesoderm one might predict that
preaxial talpid2 limb mesoderm may exhibit polarizing
activity in the absence of Shh. To test this hypothesis,
preaxial talpid2 limb bud mesoderm was transplanted under
s of reproduction in any form reserved.
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FIG. 1. Bmp2, Fgf4, and Hoxd13 expression is anteriorly expan
xpression of Shh (A, D), Bmp2 (B, E), Fgf4 (C, F), and Hoxd13 (G–J)
I, J) embryos. Arrows indicate regions of aberrant expression. (A, D)
uds. Due to the shape of the talpid2 wing bud, Shh mRNA is adjac
n wild-type limb bud mesoderm (B) but is expanded anteriorly in
stage 23 wild-type limb bud is limited to the postaxial AER (C) wh
the preaxial and postaxial AER (F). (G, I) Hoxd13 expression is limi
is seen throughout the mesoderm of a stage 18 talpid2 limb bud (I)
at the apex of a wild-type wing bud (H); a comparably staged talpiing skeletal patterns were analyzed for duplications. In each
case, analysis of the donor limb buds confirmed that Shh-
s
m
Copyright © 1999 by Academic Press. All rightxpressing cells were not grafted to the host (data not
in distal talpid2 limb buds despite normal Shh expression. The
determined by WMISH in wild-type (A–C, G, H) and talpid2 (D–F,
expression is similar in stage 21 wild-type (A) and talpid2 (D) limb
o talpid2 body wall. (B, E) Bmp2 expression is postaxially restricted
arly staged talpid2 mutant limb buds (E). (C, F) Fgf4 expression in
stage 23 talpid2 limb buds, Fgf4 expression is expanded throughout
o the postaxial mesoderm of a stage 18 wild-type wing bud (G) but
J) At stage 25, Hoxd13 is expressed along the postaxial border and
ing bud shows Hoxd13 expressed throughout the distal bud (J).ded
was
Shh
ent t
similhown). When anterior-distal or middistal talpid2 limb bud
esoderm was grafted under the anterior AER of a wild-
s of reproduction in any form reserved.
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141Constitutive Shh Signaling in talpid2type host embryo supernumerary digits or digit-like ele-
ments resulted in 69% of the cases, indicative of polarizing
activity (see Table 1). There were no significant differences
in the supernumerary digits induced by either anterior-
distal or middistal donor talpid2 mesoderm (compare Figs.
A and 3B). In 36% of the cases, identifiable mirror-image
uplication of digits could be detected. In the other 33% of
he cases, the ectopic digits resembled wild-type digits
ased on the articulation of the phalanges and joints;
owever, a distinct digit identity could not be assigned (see
able 1 and marked digits in Fig. 3). The assignment of
upernumerary digit identity was conservative (see Fig. 3).
urthermore, the bifurcation of the radius and the duplica-
ion of the ulnar carpal clearly demonstrate that preaxial
alpid2 mesoderm has polarizing activity (see Fig. 3). Dupli-
ations were never observed in controls with donor preaxial
imb bud mesoderm from wild-type embryos (data not
hown).
In our hands, wild-type ZPA grafts produce mirror-image
FIG. 2. The Shh signaling pathway is activated in talpid2 mutant
n wild-type (A–C) and talpid2 mutants (D–F). Arrows indicate regio
n wild-type wing buds (A) is limited to the postaxial mesoderm bu
of the same embryo in the main image, but are taken with direct t
Gli1 expression is postaxially restricted in wild-type wing buds (B
expanded (E). (C, F) Gli3 expression is similar in wild-type (C) andupernumerary digit duplications of at least 4-3-3-4 in more
han 90% of the cases (e.g., Dvorak and Fallon, 1992). We
a
W
Copyright © 1999 by Academic Press. All righteport in Table 1 that the talpid2 ZPA (Shh-expressing cells)
as weaker polarizing activity, producing 4-3-3-4 duplica-
ions in only 37% of the cases. These data are indistinguish-
ble from those reported earlier (see Table I in Dvorak and
allon, 1992). Taken together, these data indicate that
alpid2 preaxial limb bud mesoderm has weaker polarizing
activity than the talpid2 ZPA. This correlates with the
pparently weaker Shh signaling indicated by reduced Ptc
xpression in talpid2 preaxial limb bud mesoderm relative
o postaxial mesodermal expression.
One possible explanation for the above data is that
reaxial talpid2 mesoderm is simply inducing Shh expres-
ion in the host limb, thereby causing the mirror-image
uplications. To determine if this was occurring, some of
he operated limbs exhibiting ectopic growth along the
nterior border were harvested 24 or 48 h after tissue
mplantation and assayed for ectopic Shh expression by
MISH (Fig. 4). Ectopic Shh expression could be detected
nly in two host limbs (,10%) that displayed ectopic
e expression of Ptc (A, D), Gli1 (B, E), and Gli3 (C, F) was analyzed
f expanded or ectopic expression. (A, D) At stage 22, Ptc expression
xpanded to the anterior border of talpid2 wing buds (D). Insets are
ht to more clearly show expression pattern in the wing bud. (B, E)
a comparably staged talpid2 mutant, Gli1 expression is preaxially
id2 (F) wing buds and is excluded from the Shh-expressing region.s. Th
ns o
t is enterior outgrowth (n 5 21, Fig. 4 and data not shown).
hile we do not understand why ectopic Shh expression
s of reproduction in any form reserved.
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142 Caruccio et al.was detected in these rare cases it is important to note that
ectopic host Shh expression has never been reported follow-
ing wild-type ZPA transplantation, exogenous SHH implan-
tation, or ectopic Shh misexpression. These data demon-
strate that .90% of the induced ectopic digits by preaxial
talpid2 limb bud mesoderm occur in the absence of detect-
able Shh expression. Moreover, the resulting duplicated
digits have anteroposterior polarity resembling a mirror
image duplication, suggesting that the wild-type host limb
bud can interpret the AP information originating from
talpid2 donor tissue, typically in the absence of detectable
hh mRNA. While we cannot rule out the activity of Bmp2
n causing these duplications, the duplicated digits obtained
n these experiments resemble those obtained from ZPA
rafts and not the ectopic cartilage elements seen with
ctopic Bmp2 expression (see Fig. 4 in Duprez et al., 1996).
The talpid2 AER and Limb Bud Elongation Are Not
ependent on Shh-Expressing Cells
Fgf4 expression is expanded throughout the entire talpid2
AER (Fig. 5 and Rodriguez et al., 1996). If activation of the
Shh pathway is sufficient to maintain Fgf4 expression, it
would be predicted that FGF expression and distal out-
growth would also be independent of Shh-expressing cells
in talpid2 limb buds. To test this hypothesis, the postaxial
ortions of stage 19, 20, or 21 limb buds were removed from
ild-type or talpid2 mutant embryos by cutting along the
limb bud PD axis from the apex to the body wall opposite
somite 19. A second cut was made parallel to the embryo
rostrocaudal axis to remove one-third to one-half of the
postaxial limb bud from the embryo (encompassing all
Shh-expressing cells). Fgf4, Fgf8, and Shh expression was
analyzed 24 or 48 h later. Shh expression was monitored to
TABLE 1
Digit pattern
Donor mesoderm
Postaxial talpid2
(n 5 11)
Preaxial talpid2
(n 5 51)
ormal 1 (9%) 16 (31%)
upernumerary digit-like
elementsa
2 (18%) 17 (33%)
uplicated digit 2b 2 (18%) 12 (24%)
uplicated digit 3, 2b 2 (18%) 6 (12%)
uplicated digit 4, 3, 2b 4 (37%) 0 (0%)
Note. Limb bud mesoderm from the indicated region of stage
9/20 talpid2 donors were grafted under the anterior AER of stage
9/20 wild-type host limb buds. Skeletal patterns were analyzed on
ost day 10.
a Embryos with ectopic unidentifiable digit-like elements.
b Embryos with identifiable ectopic digits, with or without other
ctopic digits or cartilage. See Fig. 3 for representative limbs.verify complete removal of ZPA cells. As expected, removal
of the postaxial one-third to one-half of wild-type limb buds
Copyright © 1999 by Academic Press. All rightresulted in the loss of Fgf4 expression and truncated limbs
developed: contralateral controls maintained Fgf4 expres-
sion and were distally complete (Figs. 5A, 5B, 6A, and 6B).
However, after removal of the postaxial one-third to one-
half of talpid2 limb buds Fgf4 expression was maintained in
he absence of detectable Shh expression in operated limb
uds (Figs. 5D and 5E). Note that Fgf4 and Shh are readily
etectable in the unoperated hindlimb while only Fgf4 is
etected in the operated talpid2 forelimb (Fig. 5D). Fgf8
expression was maintained in both wild-type and talpid2
limb buds after removal of the postaxial third of the limb
bud (Figs. 5C and 5F). Similar results were obtained for all
stages used.
There were interesting differences between talpid2 and
wild-type limb buds after postaxial limb bud removal.
Removing the postaxial third or more of the wing bud
results in cell death in the remaining preaxial mesoderm
(Todt and Fallon, 1987) and the limb bud fails to grow (Fig.
5C) and develops only a humerus and partial-to-complete
radius (see Fig. 6B). Digits never form in wild-type wing
buds with this kind of postaxial deletion (n 5 12). However,
the talpid2 wing bud recovers rapidly from postaxial re-
oval, regulating (i.e., reforming) its shape to close to
ormal within 24 h but a detectable Shh signaling center
ZPA) was not reconstituted (compare Figs. 5D, 5E, and 5F).
t 10 days of incubation, the talpid2 operated wings showed
dramatic recovery and nearly complete regulation of form
(Fig. 6). The three levels of the talpid2 wing were always
epresented although the two zeugopodial bones tended to
use, which also occurs in unoperated talpid2 wings. On
verage, 6.5 digits formed on operated right wings compared
ith 7.9 digits on left control talpid2 wings (n 5 7). We note
ere that talpid2 embryos are extremely sensitive to micro-
surgical procedures and most die after such operations.
These data demonstrate that distal limb bud outgrowth and
Fgf4 expression are independent of continued Shh expression
in talpid2 mutants and support the hypothesis that the Shh
signaling pathway is constitutively active in talpid2 limb bud
mesoderm. It is notable that Fgf8 mRNA expression is main-
tained in the AER of operated wild-type limb buds. If normal
FGF8 protein levels are also maintained, they are unable to
support limb bud elongation in wild-type embryos after re-
moval of Shh-expressing cells (Figs. 5C and 6B).
DISCUSSION
The role of Shh is central to current models of vertebrate
limb development. Shh is sufficient to confer polarizing
activity. Shh is also thought to be required for limb bud
elongation by maintaining Fgf4 expression in the AER via a
positive feedback loop. The molecular signaling events
required for these developmental properties are not known.
Using the talpid2 mutant, we were able to demonstrate that
Shh is not a direct requirement for these activities and that
activation of downstream targets is sufficient for polarizing
activity and distal limb bud development. By gaining fur-
s of reproduction in any form reserved.
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143Constitutive Shh Signaling in talpid2ther insight into the molecular defect in talpid2 and the Shh
ignaling pathway the precise molecular interactions re-
ulting in the developmental properties of polarizing activ-
ty and distal limb bud outgrowth will be able to be elucidated.
Activation of the Shh Signaling Pathway
In this study we provide evidence that the Shh signaling
pathway is constitutively activated in talpid2 mutants in
the absence of SHH ligand. While we address only the limb
bud in this study, there is evidence from other parts of the
embryo to support this hypothesis. From ongoing studies,
we note that the number of Islet1 immunostaining positive
cells (Tanabe et al., 1995) is dramatically increased in the
talpid2 lateral motor column and the size of the somitic
talpid2 myotome compartment (Johnson et al., 1994) is
ncreased with a concomitant increase in the region of
yoD mRNA expression. We are also studying the devel-
ping face in which changes consistent with constitutively
ctive Shh signaling are seen. These studies are beyond the
cope of this report and will be communicated separately.
While these studies do not identify the gene directly
ffected by the talpid2 mutation the data do provide some
insight into possible mechanisms. Because talpid2 is a
recessive mutation (Abbott et al., 1959), we favor negative
regulators of Shh signaling as potential targets of the talpid2
mutation. Further, because Gli3 expression is not repressed
in preaxial talpid2 limb bud mesoderm, we favor targets
downstream of Shh ligand/Ptc interactions, not models
invoking expanded SHH diffusion or transport. If SHH were
present in the preaxial limb bud mesoderm, one would
predict repression of Gli3 (Marigo et al., 1996a). In addition,
increased diffusion or transport of SHH as a mechanism to
explain the talpid2 phenotype is unlikely because a normal
talpid2 limb develops after complete removal of Shh-
expressing cells. Finally, because Fgf4 and Gli1 are not
detectable in limb buds of Shh-null mutant mice we also do
not favor models involving parallel induction pathways
(manuscript in preparation).
Current evidence suggests that Shh signaling through
Smo is repressed by the SHH receptor, Ptc, and that Shh
abrogates Smo repression by binding to Ptc (reviewed in
Pearse and Tabin, 1998). From the Drosophila Hedgehog
Hh) pathway, it is inferred that vertebrate Smo activates
li1 through regulation of protein kinase A (PKA), Suppres-
or of Fused (Su(Fu)), Fused (Fu), and Costal 2 (Cos2). Ptc,
KA, Su(Fu), and Cos2 are negative regulators of Hh signal-
ng (see Pearse and Tabin, 1998, and references therein). We
ropose that a partial loss of function of Ptc, PKA, Su(Fu), or
os2 would result in leaky repression of Shh signaling and
hus upregulate Ptc, Gli1, and Bmp2 throughout the distal
alpid2 limb bud mesoderm (see Fig. 7). We propose that Ptc
is expressed at higher levels in postaxial talpid2 limb bud
mesoderm because there is complete inhibition of Ptc
function (i.e., activation of the signaling pathway) in the
presence of SHH ligand. Further, Ptc is present at relatively
lower levels in the preaxial limb bud because of partial
s
t
Copyright © 1999 by Academic Press. All rightctivation of Shh signaling by leaky repression in the
bsence SHH ligand. This line of reasoning is supported by
he observation that Ptc is upregulated to a similar degree in
ild-type and mutant postaxial limb buds.
Mice deficient for Ptc function die between E9.0 and
10.5 so limb phenotypes cannot be assessed; however,
hey do show expanded expression of Ptc and Gli1 in the
eveloping neural tube at E8.75 (Goodrich et al., 1997).
ice hemizygous for Ptc function do exhibit preaxial digit
uplications (Goodrich et al., 1997). Overexpression of
edgehog is thought to mimic a loss of Ptc function
Ingham, 1993). Moreover, mice that overexpress Shh, un-
er the control of a keratin promoter in the skin, upregulate
tc in both the epidermis and the underlying mesenchyme.
s a result, these mice develop basal cell carcinomas and
keletal and skin abnormalities associated with basal cell
evus syndrome, a disease caused by mutations in Ptc (Oro
t al., 1997, and references therein). Interestingly, these
ice also develop limbs that have striking similarity to
alpid2 limbs (Oro et al., 1997). Furthermore, the fact that
P defects are primarily restricted to the autopod in talpid2
mutants and in Shh-overexpressing mice may indicate the
relative contributions of Shh signaling in patterning the AP
axis of the stylo-, zeugo-, and autopod.
Ptc, Gli1, Bmp2, and Hoxd13 expression may reflect the
growth condition of limb bud mesoderm and not AP pat-
terning per se. This notion is supported by the observation
that Hoxd13 is upregulated across the AP axis in recombi-
nant limbs lacking Shh-expressing cells (Ros et al., 1994).
Recombinant limb buds form distally complete limbs with
symmetrical digits in the absence of Shh-expressing cells,
suggesting that further examination of Ptc, Gli1, Bmp2, and
Fgf4 expression in recombinant limbs may be informative.
Therefore Shh may have two distinct but interrelated
activities: stimulation of growth and AP patterning.
Ihh and Dhh also signal through Ptc/Smo (Bitgood et al.,
1996; Vortkamp et al., 1996); therefore talpid2 would also
be predicted to mimic overexpression of Ihh and Dhh.
Indeed the short squat bones of the talpid2 limb are consis-
ent with aberrant Ptc/Smo signaling in developing chon-
rocytes (Vortkamp et al., 1996).
Preaxial Mesoderm Has Polarizing Activity
in the Absence of Detectable Shh
The ability to cause mirror-image duplications has been
linked to hedgehog family member expression. In these
studies, we show that anterior talpid2 mesoderm has polar-
zing activity in the absence of detectable Shh, Ihh, or Dhh
xpression. While MacCabe and Abbott have reported that
nterior and middistal talpid2 limb bud mesoderm do not
ossess polarizing activity (MacCabe and Abbott, 1974) the
onor tissue was grafted into a prepared graft bed at the
nterior border in contrast to subjacent to a loop of the
nterior AER. The latter, used in this report, is a more
ensitive assay for polarizing activity and was not in use at
he time of MacCabe and Abbott’s report (see Materials and
s of reproduction in any form reserved.
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144 Caruccio et al.FIG. 3. Preaxial talpid2 limb mesoderm has polarizing activity. Anterior-distal (A), middistal (B), or postaxial Shh-expressing (C) talpid2
wing bud mesoderm was grafted under the anterior AER of a wild-type host and allowed to develop until host day 10. Cartilage was
visualized by Victoria blue staining. Supernumerary digits are labeled d2, d3, and d4 for digits 2, 3, and 4, respectively. Duplicated ulnar
carpals (u.c.) are indicated by the arrow. Asterisks (*) indicate unidentifiable supernumerary digit-like elements. Double asterisk (**)
indicates ectopic cartilage. (A, B) Preaxial talpid2 donor mesoderm induces supernumerary digits when grafted subjacent to the anterior AER
f a wild-type host. A is representative of a 2-2-3-4 digit pattern and B is representative of 3-2-2-3-4 digit pattern as scored in Table 1. While
ome of the digits are not identifiable (*), the general pattern is of a mirror-image duplication. (C) Postaxial control talpid2 donor mesoderm
exhibits polarizing activity, generating identifiable supernumerary digit pattern of 4-3-2-2-3-4.
FIG. 4. Preaxial talpid2 limb bud mesoderm can induce digit duplications without the induction of Shh expression. Shh expression in
operated host limb buds 24 (A) or 48 (B) h after grafting talpid2 preaxial limb bud mesoderm under the anterior host AER. Note the induced
reaxial outgrowth at both time points (arrows). Shh expression is normally downregulated in postaxial limb mesoderm at the stage
xamined in B (Riddle et al., 1993). The samples in A and B were probed in the same vial to verify Shh detection.
FIG. 5. Fgf4 and Fgf8 expression is not dependent on Shh-expressing cells in talpid2 mutant limb buds. Fgf4 and Shh (A, B, D, E) or Fgf8
(C, F) expression was determined in wild-type (A–C) or talpid2 mutants (D–F) 24 h after removal of the postaxial third of the wing bud at
stage 20. (A) Neither Shh nor Fgf4 expression is detectable after complete removal of Shh-expressing cells (arrows indicate cuts made to
remove postaxial tissue). (B) Contralateral control of A showing normal Fgf4 and Shh expression. (C) Fgf8 expression is maintained 24 h after
removal of the postaxial wing bud and limb bud fails to grow. Arrow indicates region of limb bud that did not regulate after postaxial
removal. (D) Preaxial Fgf4 expression is maintained after removal of postaxial (Shh-expressing) wing bud tissue. Note the Fgf4 expression
in the wing bud in the absence of detectable Shh (arrow). The unoperated leg shows the expression of Fgf4 and Shh. (E) Higher magnification
of operated wing bud in D showing reconstitution of limb bud and expression of Fgf4 (arrows). (F) Regulation and maintenance of Fgf8
expression 24 h after removal of postaxial limb bud tissue (dotted line indicates approximate region removed).
FIG. 6. Talpid2 mutants generate distally complete limbs after removal of up to one-half of postaxial limb bud mesoderm. The postaxial
region of stage 20 wing buds was removed from wild-type (B) or talpid2 (D) embryos and allowed to develop until day 10. Contralateral
ontrols are shown in A and C. Cartilage was visualized by Victoria blue staining. (B) Removal of the postaxial one-third to one-half of
ild-type wing buds results in truncations. The operated wing bud formed a complete humerus and a partial radius. The ulna and distallements were absent. (D) talpid2 wing buds regulate to form stylo-, zeugo-, and autopodial elements after postaxial removal. The operated
ud developed a complete stylopod, two zeugopodial elements, and digit-like elements and closely resembled the contralateral control (C).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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146 Caruccio et al.Methods and Tickle, 1981). These data suggest that SHH
ligand is not a direct requirement for ZPA function and that
Shh signaling is sufficient for at least some of its activities
(see Fig. 7). Specifically, we have addressed distal outgrowth
and the induction of mirror-image digit duplications. It is
difficult to envision how expressing Ptc, Gli1, Bmp2, and
Gli3 alone could impart polarizing activity because cells
FIG. 7. A schematic model showing proposed molecular interact
talpid2 limb buds. Interactions with Fu, Su(Fu), PKA, and Cos2 are i
998). Negative regulators are underlined. In the absence of Shh lig
u, Cos2, and Gli1 are retained in the cytoplasm by forming a comp
KA promotes the cleavage of Gli1, forming a transcriptional repres
ctivity and cannot regulate (reconstitute the postaxial limb bud aft
igand binds to Ptc, relieving the inhibition of Smo signaling. Acti
li1, and allows Fu to be phosphorylated, resulting in the phospho
li1, Ptc, and Bmp2. Subsequently, Fgf4 is upregulated in the ove
nlike wild-type limb buds, preaxial talpid2 limb bud mesoderm e
emoval of the postaxial limb bud. We propose that incomplete in
li1, Ptc, and Bmp2 in Smo-expressing preaxial mesoderm and Fgf4
os2, or PKA, leading to partial activation of Gli1. It is important t
nly one of the negative regulators would be sufficient to produce
responsible for the preaxial polarizing activity in talpid2 limb buds
Bmp2 but do not exhibit polarizing activity (Pearse and Tabin, 199adjacent to Shh-expressing cells also express these genes;
however, these cells do not exhibit polarizing activity
b
Copyright © 1999 by Academic Press. All rightPearse and Tabin, 1998; Smith, 1979). Based on these
tudies and our current understanding of Shh signaling and
nteroposterior patterning we are unable to explain why
reaxial talpid2 limb bud mesoderm has polarizing activity.
t is notable that preaxial talpid3 leg bud mesoderm also has
olarizing activity; however, preaxial talpid3 leg bud meso-
derm has weaker polarizing compared to talpid2 preaxial leg
in the mesoderm (light gray) and AER (dark gray) of wild-type and
ed from the Drosophila Hh pathway (reviewed in Pearse and Tabin,
preaxial wild-type limb bud) Ptc inhibits Smo signal transduction.
ith microtubules: Su(Fu) stabilizes these interactions. In addition,
As a result, wild-type preaxial limb bud mesoderm lacks polarizing
moval). In postaxial wild-type and mutant limb bud mesoderm Shh
o represses PKA, stabilizing the transcriptional activator form of
ion of Cos2, the nuclear translocation of Gli1, and upregulation of
g AER and Shh expression is maintained in postaxial mesoderm.
ts polarizing activity and can reconstitute a talpid2 limb bud after
ion of Shh signaling in talpid2 mutants results in upregulation of
e overlying AER. The model shows leaky repression by Ptc, Su(Fu),
te that potential mutation sites are shown and leaky repression by
alpid2 phenotype. It is likely that additional unknown signals are
e cells adjacent to Shh-expressing cells also express Gli1, Ptc, and
ith, 1979).ions
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While we cannot rule out the activity of Bmp2 in the
s of reproduction in any form reserved.
r
t
S
m
h
d
c
b
n
d
w
p
w
c
a
l
t
t
t
147Constitutive Shh Signaling in talpid2polarizing activity observed in preaxial talpid2 limb bud
mesoderm, both the morphology of the ectopic digits and
the molecular analysis of talpid2 suggest that activation of
the Shh signaling pathway is the primary cause. When
Bmp2-expressing cells are grafted to the anterior margin of
a host limb bud the endogenous digits are anteriorly bent,
their joints are poorly articulated, and the phalanges are
malformed (Duprez et al., 1996). In addition, the ectopic
cartilage elements weakly resemble digits and are conse-
quently difficult to identify. In contrast, when ZPA- or
Shh-expressing cells are implanted, the endogenous digits
remain largely unaffected and ectopic cartilage elements
form clearly identifiable digits with well-formed joints and
distinguishable phalangeal elements (Lopez-Martinez et al.,
1995; Riddle et al., 1993; Saunders and Gasseling, 1968).
The supernumerary elements formed as a result of grafting
preaxial talpid2 mesoderm to a host limb bud more closely
esemble those obtained from Shh grafting studies than
hose caused by Bmp2.
We acknowledge the possibility that very low levels of
hh are present in the grafted preaxial talpid2 limb bud
esoderm and this is responsible for the duplications;
owever, we do not favor this possibility because we cannot
etect Shh mRNA by RT-PCR. Furthermore, in the rare
ases in which Shh mRNA is observed in operated limb
uds, the signal intensity was comparable to the endoge-
ous expression domain (unpublished observations).
AER and Limb Bud Elongation Are Independent
of Shh in the talpid2 Mutant
From these studies we conclude that the ability of talpid2
mesoderm to support Fgf4 expression and distal develop-
ment is not restricted to talpid2 postaxial limb bud meso-
erm. It is interesting that cell-mapping studies in the
ild-type limb bud localize the presumptive autopod to the
ostaxial limb bud at stage 20 (Vargesson et al., 1997). In
ild-type limb buds, removal of Shh-expressing cells may
ause truncations because the majority of the presumptive
utopod has been removed and under normal conditions the
imb bud cannot regulate (reform this region). In contrast,
alpid2 mutant limb buds are able to regulate, develop
distally, and form an autopod in the absence of continued
Shh expression (see Fig. 3). This model is distinct from a
mechanism in which removal of Shh-expressing cells re-
sults in a loss of AER function, which in turn leads to
truncation as a result of a failure to maintain the progress
zone (Niswander et al., 1994b). Cell fate mapping and
studies of distal development in relation to ZPA or AER
removal are consistent with both of these models (Pagan et
al., 1996; Rowe and Fallon, 1982; Summerbell, 1974; Var-
gesson et al., 1997). We do not know if mesodermal Shh
signaling and/or Fgf4 signaling from AER is necessary or
sufficient for the regulation of manipulated talpid2 limb
buds. However, if Fgf8 mRNA levels in the wild-type AER
reflect functional protein levels after ZPA removal, Fgf8
does not appear to be sufficient for either progress zone
Copyright © 1999 by Academic Press. All rightmaintenance or regulation (reforming the presumptive au-
topod). Further studies are required to distinguish between
these two possibilities.
Finally, these studies indicate that Shh expression is not
a direct requirement for Fgf4 expression, AER maintenance,
or autopod development: Shh signaling is sufficient for
these developmental traits. This is most clearly demon-
strated by the development of distally complete limbs after
removal of the postaxial one-third or more of a talpid2 limb
bud in the absence of detectable Shh. talpid2 will provide an
excellent experimental system for future studies addressing
the relationship between Shh signaling, polarizing activity,
and autopodial development.
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Note added in proof. A recent paper on talpid3 by Lewis et al.,
1999 (Expression of ptc and gli genes in talpid3 suggests bifurcation
in Shh pathway. Development, 126:2397–2407) has shown that the
Shh signaling pathway (as determined by Ptc and Gli1 expression)
is not activated in the mutant limb bud mesoderm. While the limb
phenotypes and other gene expression patterns of talpid2 and
alpid3 are very similar, these data suggest that these mutants are
not allelic. Futhermore, Lewis et al. have assigned the Ptc gene to
the Z chromosome in the chick. Because talpid2 is not a sex-linked
rait, these data preclude Ptc from being the target of the talpid2
mutation.
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